Three-dimensional Reynolds averaged Navier-Stokes modeling, validated against experi-6 mental data, is used to parameterize the flow features and time scales in idealized rectangular and is found to be a strong function of the dead zone geometric parameters only.
INTRODUCTION

29
As complex ecological and fluid systems, streams may contain dead zones which are 
141
where V is the volume of the dead zone, Q is the volumetric flow exchanged between the 142 dead zone and the main stream, and E is the average exchange velocity. However, exchange geometries. This first order dead zone model was then combined with the axial dispersion 177 model used by Thackston and Schnelle (1970) 
264
where ν T is the eddy viscosity, ν is the kinematic viscosity, P is pressure, and ρ is density.
265
The overbar represents time-averaged quantity. In addition, the turbulence closure for eddy 266 viscosity (ν T = k/ω) is obtained by solving the k-ω equations, solved by first initializing the dead zone withC = 1,
where Sc T is the turbulent Schmidt number (on the order of unity).
276
The RANS equations are solved for each geometry using the commercial finite volume lations were employed to first obtain the flowfields as it is computationally less intensive.
295
In order to run the passive scalar study, however, a transient simulation is performed by which was found to be on the order of 4000 seconds.
306
Validation Study
307
Before using the above approach to perform parametric studies on a single dead zone, the dead zone center. There is a secondary eddy in the upstream corner of the dead zone.
342
The secondary eddy has significantly less momentum than the primary eddy. As the dead 343 zone length is decreased, the secondary eddy gets smaller and eventually vanishes around conducted on single dead zones in this study.
387
PARAMETRIC STUDY RESULTS
388
This work investigates the time scales that are important to the passive scalar transport 
413
Typically, the characteristic velocity associated with the mixing layer (U m = 0.5U ) is used 414 to define the convective time scale; however, the average free-stream velocity is used here 415 for simplicity. A time scale based on the average rotation rate (Ω) within the dead zone can also be defined,
418
Note that the average rotation rate within the dead zone can be easily obtained from the 419 average vorticity (ω v ) which can be obtained by computing the circulation (Γ) within the 420 dead zone.
422
where A is the area of the dead zone, ω v is the average vorticity within the dead zone, and 
447
The relationship between the Langmuir time scale, the mean free-stream velocity, and 448 the width of the dead zone can also be interpreted using some measure of net circulation the net circulation is simply obtained as,
456
Using equation 12, the average vorticity in the dead zone is given as,
458
Thus, W/U ∼ 1/(2ω v ). This was confirmed by actually computing the average vorticity 
While the the trend of figure 6( 
508
TWO REGION MODEL RESULTS
509
When using the first order model, the Langmuir time scale fully defines the normalized 510 concentration plot and thus could be used to predict the response of a dead zone to changes 511 in the main channel concentration. Figure 7 shows the mean streamlines within the dead 
551
The governing equations can be solved analytically to obtain,
553
where τ s and τ p are the negative reciprocals of the eigenvalues of the system, the vectors on . Then, the time scales for 557 the primary (τ p ) and secondary regions (τ s ) are given by,
The mean dead zone concentration is volume weighted summation of the mean concentrations 
563
where k W represents a single weighting factor. If it is assumed that τ p << τ s and τ sp ∼ τ s ,
564
then weighting factor simplifies to, 
585
The average k W value was found to be 0.55 with a standard deviation of 0.17, indicating 586 that the dead zone volume is almost equally split between the primary and secondary regions.
587
The primary time scale, τ p , obtained from the two-region model was compared with the that primary region seemed to contain the majority of the recirculating fluid.
596
The secondary region time scale, τ s , was found to be generally two to four times larger 
603
The two region model has been shown to be able to fit RANS results with small error.
604
However, to make the model predictive, the model parameters need to be estimated based 605 on dead zone geometry and flow conditions. Accordingly, the primary and secondary region 
The specific non-dimensionalization groups are not unique, but any other combination will groups of four from the 17 simulations, gives the relationships, another type of flow field may not follow the same trends as lower aspect ratio dead zones.
624
These cases were not used when determining the exponents.
625
The non-dimensional primary region time scale is cast as an effective Reynolds number
, with the length scale given as W 3 D/L 3 . This relation can also be thought of as 
711
The secondary region time scale was found to be dependent on only geometric parameters.
712
A lack of dependence on U may be attributed to the small average velocities within the 713 secondary region and small turbulent diffusion. The average value for the weighting factor 714 was found to be 0.55 with a standard deviation of 0.17, indicating that the dead zone volume 715 is almost equally split between the primary and secondary regions.
716
The predictive capability of these results is limited to the range of parameters studied 
